Carbon nanotubes (CNTs) are a class of carbon allotropes with interesting properties that make them productive materials for usage in various disciplines of nanotechnology such as in electronics equipments, optics and therapeutics. They exhibit distinguished properties viz., strength, and high electrical and heat conductivity. Their uniqueness can be attributed due to the bonding pattern present between the atoms which are very strong and also exhibit high extreme aspect ratios. CNTs are classified as singlewalled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) on the basis of number of sidewalls present and the way they are arranged spatially. Application of CNTs to improve the performance of many products, especially in healthcare, has led to an occupational and public exposure to these nanomaterials. Hence, it becomes a major concern to analyze the issues pertaining to the toxicity of CNTs and find the best suitable ways to counter those challenges. This review summarizes the toxicity issues of CNTs in vitro and in vivo in different organ systems (bio interphases) of the body that result in cellular toxicity.
Introduction
Nanomaterials have always attracted researchers due to their size, which are comparable to most of the biological macromolecules such as DNA, enzymes and antibodies. Rapid advancements in nanotechnology and the discovery of carbon nanotubes (CNTs) in 1991 opened up new vistas in material sciences [1] . These carbon allotropic tubes have a unique array of electronic, magnetic and chemical properties [2e4] . The uniqueness of CNTs is attributed to the presence of strong bonding pattern which exists between the atoms and their extreme aspect ratio. A CNT can be as thin as a few nanometers and as long as hundreds of microns. The structure, length and number of layers vary in different CNTs' forms. Singlewalled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) are the two major classifications of CNTs depending upon their side walls configuration. SWCNT consists of a mono graphene layer with diameter ranging from 1 to 2 nm, whereas MWCNTs include collection of nested tubes with increasing diameters ranging from 3 to 30 nm [5] . Among the wide varieties of different methods available for the synthesis of CNTs, arc discharge, laser ablation and chemical vapor deposition are commonly used [6e8] . Due to the unique structure of CNTs, they hold potential in bringing novelty to drug delivery mechanism and hence many efforts have been invested to make them more useful for pharmaceutical purposes. Researchers even suggest that chronic and fatal diseases such as cancer and tuberculosis can be treated using CNT-based drug delivery systems [4, 9, 10] . CNTs have also been widely investigated as sensors owing to their brilliant photo physical properties [11e13] . The ability of CNTs to deliver anti-cancer drugs has been evaluated in model organisms and the results showed them to be better or equivalent to the usually employed nanoliposomes [14] . Targeting lymphatic system for delivering anti-cancer drugs is important for the reason that lymphatic metastasis is a common phenomenon in most of the cancers. Ji et al. [15] have reported successful delivery of gemcitabine to lymphatic system using magnetic MWCNTs. Water soluble MWCNTs, when injected into the foot of model organism rat, was found to localize in the lymph nodes of the foot rather than accumulating in other organs suggesting CNTs as drug carriers for lymphatic circulation [16] . In a recent study, Ketabi and Rahmani [17] carried out a computer simulation study to evaluate CNTs functionalized with carnosine dipeptide and the results showed that functionalization made CNTs more soluble in aqueous media.
As the usage of CNTs in improving quality and performance of drug delivery aspects is picking up, its exposure to human beings is bound to increase to a greater pace in future. Hence, it is important and significant to investigate the issues associated with the toxicity of CNTs [18] . Numerous data and reports have been reported to determine the nature of toxicity arising due to the applications of CNTs in living systems, precisely during the drug delivery process. So far, scientists have been able to determine CNT toxicity in several cell lines [7] . Lack of thorough study on the toxicological studies and experimentations has not yet made clear the exact reason for their toxicity in vitro as well as in vivo conditions. In the present article, a thorough review has been done to analyze the physiological and compositional studies to estimate the state of CNTs at which they can possibly cause the toxicity in various biological conditions. The unique shape and structure have intrigued the scientists to use the CNTs in therapeutics for treating diseases, but comparative studies suggest that only certain range of shapes and sizes prove to be more toxic than others [19] .
Cellular toxicity
Amongst various reported drug delivery vehicles, CNTs are considered as a promising vehicle [20] . However, before their usage for medical purposes, their effects on different organs need to be analyzed. Time and again CNTs have been explored to determine the pathways used to enter the cells through the lipid bilayer of cellular walls. Several researches suggest endocytosis as the cellular uptake mechanism of CNTs [21, 22] . Penetration of CNTs through the cellular lipid bilayer membrane results in oxidative stress that may lead to the inflammation and also result in cytotoxicity. Since CNTs behave as a foreign body to cell, foreign body response (FBR) is elicited and chemicals are released to eliminate CNTs from the cell. CNTs have been observed to induce oxidative stress in cells. Protein kinases and nuclear factor-Kappa B are the major signaling factors which regulate cytokines in response to the oxidative stress generated by CNTs [18, 23] . One of the plausible reasons for cellular toxicity by CNTs is the generation of free radicals which in turn leads to oxidative stress ( Fig. 1 ). These excess free radicals are known to oxidize DNA, proteins and lipids in cells. They are also responsible for activating transcription factors and activator protein-1 which are responsible for inflammatory responses [18] . CNTs are not easy to excrete from the body and have a higher risk of getting accumulated in organs. Several experiments have highlighted that organs such as spleen, kidneys and lungs are the easy targets for this oxidative stress caused due to free radical formations [24] . Another mechanism which has been proposed with regard to toxicity generation is the formation of reactive oxygen species (ROS) [18] . ROS is normally formed as by-products of metabolic process of oxygen. Since CNTs increase the oxidative stress inside the cell, it in turn increases the ROS level. Increased ROS level leads to detrimental effects on cells such as apoptosis, damage to genetic material, oxidation of amino acids and inactivation of enzymes [25] . Wang et al. [10] , carried out an experiment wherein PC12 cells were exposed to SWCNTs at a concentration of 200 mg/mL. The results showed an increase of approximately five folds in the concentrations of ROS in treated cells compared to untreated cells. Increased inflammatory response on exposure to CNTs has also been associated with toxicity generation inside the body of an organism. The major cause that researchers have found for this response is "frustrated phagocytosis" wherein the macrophages are unable to engulf CNTs [25] . Comparing the inflammatory responses caused due to asbestos and MWCNTs, Poland et al. [25] studied its effects in mice. The results inferred a normal foreign body response in mice exposed to carbon black, in which the immune system recognized and destroyed the foreign particles whereas in case of MWCNTs the results were somewhat different. The macrophage cells were unable to destroy MWCNTs and asbestos. There was an increase in release of polymorph nuclear leukocytes and protein exudation, indicative of inflammatory response. CNTs have also been reported to cause granulomas inside the body resulting in toxic effects inside the body [26] . In a study, researchers carried out intratracheal exposure of SWCNTs in mice for seven days [27] . These SWCNTs deposited in the lungs leading to blocked airways due to the formation of granulomas. In various other animal models, the results of CNTs' evaluation suggest their potential ability in formation of granulomas and a major cause in generating chronic granulomatous diseases [26] .
Ever since the toxicity issues of CNTs have coined, there has been a major debate over the comparison between the two types, whether SWCNTs or MWCNTs generate more toxicity. Some research groups have reported that SWCNTs cause more apoptosis than MWCNTs. Cui et al. [27] analyzed the toxicity of SWCNTs and MWCNTs in HEK293 cells. They reported that SWCNTs caused maximum apoptosis due to their dispersed and hydrophobic nature with small surface area. One of the mechanisms proposed by the group for the observed toxicity was due to the extracellular matrix protein signaling which affects the cell skeleton and other organelles leading to apoptosis. The evaluation of CNTs in small organisms has been tabulated in Table 1 [28e32]. It summarizes the mode of toxicity caused by different types of CNTs at varying doses (effective dose 50).
CNTs and phenomena at biointerfaces
The biocompatibility issue has always been a major challenge with the use of CNTs in biological systems. When injected into the body, CNTs interact with the body fluids and various organs. Various experimental reports suggest that CNTs produce certain level of toxicity in different organs [33] . The efficiency of CNTs as drug carriers is evaluated by their adsorption and transportation in the organisms, which are administered through different modes. Once administered, the CNTs are transported to different organs by systemic or lymphatic circulation.
CNTs are administered through several routes for drug delivery into the body such as oral, intravenous, inhalation, transdermal, subcutaneous and intraperitoneal. Amongst all routes, the mostly cited modes of delivery in vivo are intratracheal and inhalation due to their more clear and definite results in the reported experiments [34] . Some reports suggest that CNTs when inhaled result in severe inflammation compared to when their route of administration is via intravenous injection, oral or dermal [35] . Once into the body, CNTs interact with the proteins or cells, which may lead to its metabolism or the CNTs may retain their original structure. They can also be distributed to different body organs where they may either remain localized or translocate or be excreted. The biodistribution of CNTs in the body may lead to different toxicity depending on their concentration, constituents, structure, size and functionalization. The different organs where toxicity of CNTs has been studied are as follows:
Respiratory (pulmonary) toxicity
As mentioned above, inhaling the fine nanoparticles through respiratory channels is one of the most commonly reported modes of delivery of CNTs. Several hypotheses suggest that the physical characteristics of CNTs are responsible for respiratory toxicity in animals [36] . Physiochemical properties such as particle size, functionalization, and dispersion greatly contribute to pulmonary toxicity after inhalation of CNTs (Fig. 2 ). Warheit et al. [37] demonstrated that intratracheal deposition of SWCNTs in the lungs of rat lead to transient inflammatory and cytotoxic effects for up to one month. As reported in several studies, exposure of epithelial lung cell lines to SWCNTs leads to cytotoxicity and inflammatory reactions [38e40]. The various results indicated that the most prominent cause for the SWCNT toxicity can be due to the deposition of fine nanoparticles in the alveolar and intratracheal tissue walls. As these are not macromolecules, they do not settle by themselves but rather settle as clumps in the inner walls that may lead to tumor in the inner walls of respiratory tracts [41, 42] . In a study carried out by Qin et al. [43] , toxicity of carboxyl functionalized SWCNTs was assessed in the respiratory tracts of rats. The rats were injected intravenously in tail veins in a continuous manner till 90 days. The results showed embolization in lung capillaries. In some rats there were reports of granuloma formation too. The group hypothesized that long-term intravenous injection may result in accumulation in the rat's lungs leading to histological changes in the organ. Continuous accumulation in lungs leads to generation of black spots. Similar results have also been seen in case of MWCNTs. MWCNTs, when inhaled by the lungs, are recognized by macrophages and result in frustrated phagocytosis [44] . Frustrated phagocytosis results in a strong inflammatory response which in turn increases the oxidative stress due to the release of pro inflammatory cytokines. In an experiment mice were exposed to MWCNTs whose results showed inflammation, progressive fibrosis and granulomas formation in the lung airways [45] . Further, histological analysis revealed that the MWCNT fibers with a size range >20 mm resulted in increase in number of polymorph nuclear leukocytes white blood cells and granulomas. One of the primary reasons for this observation is the inability of macrophages to effectively phagocytize the CNTs from the lungs.
Liver toxicity
Liver is one of the significant organs in the body which plays a crucial role in carrying out various metabolic pathways in the body. Hence, any drug given to the body is processed through the liver either directly or indirectly. So it becomes imperative to study and analyze the toxic effects of CNTs on liver tissues. It is important to study how these nanoparticles metabolized in our bio-systems break down into simpler compounds which can be easily excreted from the body. But due to lack of analytical equipment, it is hard to determine or trace these metabolic processes. Various in vivo scanning through transmission electron microscope (TEM) and scanning electron microscope (SEM) analysis showed accumulation of CNTs in liver cells [46] . In a study conducted by Principi et al. [47] , SWCNTs were systematically exposed into a mice model to analyze the systemic bio-distribution in the body. The mice models used were MITO-Luc bioluminescence reporter mice and CD1 mice. They were injected with SWCNTs sample for nine weeks. Accumulation of SWCNTs induced cell proliferation, inflammation and increased amount of enzyme production. Later, the histological study revealed hepatotoxicity with increased levels of aspartate aminotransferase, alanine aminotransferase and bilirubinemia which are known as biomarkers for liver damage. In an in vivo experiment, MWCNTs were orally exposed to Swiss albino mice and were later examined toxicological studies [48] . Post exposure, six mices per group were sacrificed. The histopathological examination of the liver showed damaged macrophage cells (Kupffer cells), blood coagulation, inflammation and increased level of oxygen free radicals. The experimental results were indicative of haywire functioning of the liver due to the acute or chronic exposure of the liver to the CNTs' toxicants. The exposure of MWCNTs to mice liver resulted in activation of Kupffer cells. These cells play a significant role in normal physiology and homeostasis. Kupffer cells are activated when toxic agents come in contact with liver cells. The toxic agents which can enter both through direct or indirect modes result in release of proinflammatory and inflammatory responses, growth factors and ROS (Fig. 3) . The increased number of Kupffer cells indicates the major cause of liver injury caused due to CNTs.
Dermal and subcutaneous toxicity
Skin, the most easily exposed surface to the surroundings, provides an easy passage for CNTs entry into the body. Research has pointed out that exposure to non-modified CNTs, specifically SWCNTs, leads to inflammatory reaction and even tissue disruption. In an experiment conducted to study the effects of SWCNT in vitro and in vivo conditions, well-engineered artificial skin tissues and mice skin were tested, respectively. The results showed oxidative stress and inflammation in the skin cells, thus indicating toxic nature of SWCNTs for the dermal tissue [49] . Raw SWCNTs, when injected in mice, resulted in exhaustion of glutathione, oxidative stress, skin thickening and an elevation in dermal cell number [50] . The special properties like geometry, surface functionalization and shape of SWCNT could have been the cause which leads to the dermal penetration and further deposition in the skin tissues [51] . Koyama et al. [52] reported granuloma formation with entrapped MWCNT agglomeration in the subcutaneous tissues of mice after 3 weeks of exposure. The exterior epithelial layer of the skin, epidermis, is rich in keratinocytes and is inhabited by dermal fibroblasts which are mainly responsible for maintaining skin connective tissue. CNTs exposure to these keratinocytes led to decrease in cell viability, induced genotoxicity and inflammation [22, 50, 53, 54] . It has also been known to disturb the normal cellular behavior such as adhesion and migration of cells [50] . Also, exposure to CNTs affects wound healing of dermal fibroblasts [55] . The various effects of CNT exposure to dermal and subcutaneous organs are shown in Fig. 4 .
Central nervous system (CNS) toxicity
CNTs as drug delivery vehicles to CNS have been thoroughly explored by scientists due to their unique interaction with the neurons and nervous system [56] . Pure forms of CNTs are mostly insoluble in aqueous solvents, but by carrying out few functionalizations and modifications in the nanomaterial it can even bypass the most challenging barrier for therapeutics i.e., the blood brain barrier (BBB) [57] . Due to these unique properties of CNTs, they are increasingly being explored as a diagnosis for diseases related to the CNS viz., Alzheimer's disease and Parkinson's disease [58, 59] . Therefore, the increased use of nanomaterial has raised a major debate over neurotoxicity of CNTs. To determine CNTs toxicity, it is essential to know the interaction of these molecules with the BBB. Owing to their nanometric size and structure, SWCNTs can easily penetrate brain cells through different mechanisms such as endocytosis or pinocytosis. The interaction of CNTs with brain cells results in the release of various mediators/chemicals from the microglia and astrocytes which may cause inflammation, apoptosis or oxidative stress in the brain [56] . In case of MWCNTs, similar interaction with the neural tissues was examined and their toxicity results were largely similar to that of SWCNT induction. Kafa et al. [60] researched upon the interactions of neural tissues with the MWCNTs. MWCNTs were injected into the brain of mice to study the neuroinflammatory response under in-vivo conditions. MWCNTs were up-taken by neural tissues which led to several neuroinflammatory responses. The induction of inflammatory cytokines in the cortex was investigated during the experimentation. Increased inflammatory cytokines were expressed due to MWCNT injected into the brain as shown in Fig. 5 . Throughout this study, results showed an increase in cytokine levels and activation of glial cells, suggesting of the oxidation of the CNT surface that may result in an inflammatory reaction in brain cells.
Kidney toxicity
Accumulation of CNTs inside the body has always been a major challenging factor in countering the toxicity issues of CNTs. Researches and evidences suggest the organs involved in excretion of toxins are at a higher risk of CNTs getting accumulated [61] . Since the kidney plays a crucial role in excretion process of the body toxins, reports suggest it is at risk for CNTs accumulation and may lead to renal toxicity, as shown in Fig. 6 . In order to examine the SWCNTs biocompatibility, Cui et al. [27] analyzed the interaction of human embryo kidney HEK-293 cells with SWCNTs. The results showed an increase in cellular apoptosis. The treated cells also exhibited a decreased cell adhesive ability. These CNTs affected the cell cycle which could be due to the decline in the cell number in the S-phase probably due to unregulated expression of P16 which inhibits the activity of CdK2, CdK4, and CdKr. As a result of this, cells are prevented from going into S-phase and this results in cell cycle arrest in the G1 phase. In an experiment, MWCNTs were tested on cell lines which resulted in increased production of IL6 and IL8 [62] . It also induced DNA damage in the cells. More amount of toxicity was encountered in case of human embryonic kidney cell lines. MWCNTs increased oxidative stress leading to mitochondrial damage, thereby causing significant cytotoxicity.
Cardiovascular toxicity
Cardiovascular toxicity is caused due to the interaction of CNTs with the cardiac muscle cells. The interaction induces damage to heart and causes cell proliferation, muscle damage, hindrance in the blood flow as well as vascular atherosclerosis [63e66]. The major causes which have been interpreted through various experimental investigations were oxidative stress and inflammation which contribute to cardiovascular toxicity. Various experiments have proposed hypothesis for the toxic effect of CNTs with cardiac muscles. In an in vitro investigation carried out to assess cell proliferation and shape, cells were taken from a rat heart cell line H9c2 and were exposed to highly purified SWCNT (0.2 mg/mL) [67] . Microscopic analysis showed the binding of CNTs to the cell walls leading to slightly conformational change in the cell shape. The experiment concluded that a long term exposure of CNTs induced an evident cardiovascular toxicity. In another study, hypertensive rats were exposed to water soluble SWCNTs to analyze the toxic effects through a physiological approach [49] . There was a noticeable change in the levels of malondialdehyde which is a known oxidative stress marker. Also, SWCNTs induced changes in the levels of reactive nitrogen species and affected the activity of nitric oxide synthase. MWCNTs have also been explored to determine its potential in cardiovascular toxicity. Different lengths of MWCNTs were intratracheally induced inside two groups of rats, spontaneous hypertensive (SH) and Wistar-Kyoto (WKY) rats [68] . The results showed lowered blood pressure and persistent decrease in heart rate in the SH group of rats. These experiments showed similar results to that of experiments conducted with SWCNT. The toxicity due to CNTs in cardiovascular organs suggests there is an increase in the levels of oxidative stress and inflammation due to accumulation of CNTs in vascular tissues of cardiac muscles [69] .
Spleen toxicity
The spleen, a large ovoid secondary lymphoid organ and an important member of reticuloendothelial system (RES), plays a crucial role in eliciting immune responses in the blood. Liver, spleen and lungs are the major organs that uptake circulating CNTs in the blood stream. Deng et al. [70] evaluated the toxicity profile of water soluble MWCNTs in mouse spleen. These nanoparticles (1 mg/kg/ day) were injected intravenously in mice model for two weeks. Post treatment, the organs were harvested and evaluated. The results showed high inflammatory responses and immunotoxicity in the major immune organs such as the spleen. Results of these studies suggested that the higher dispersion caused higher toxicity response. Contrary to functionalized CNTs which increased the hydrophilicity of CNTs in polar solvents, it proved to be more toxic in case of the spleen. When analyzed against the control group, the only change observed was the transfer of these nanoparticles from the red to the white pulp region, which eventually gave rise to adaptive immune response. However, histopathological analysis revealed that phagocytic response of reticuloendothelial system and role of glutathione, superoxide dismutase and malondialdehyde were not altered significantly in a period of two months.
Eye (ocular) toxicity
Eye, a part of sensory organs, is prone to a variety of problems and abnormalities. Nanoparticles with multi-functional modifications have proved to be a powerful weapon for ophthalmic delivery of therapeutics for medicinal purposes. The most accepted reason for such wide acceptability is a high area to volume ratio compared to their larger counterparts [71] . However, CNTs after a certain exposure time have shown toxic effects on the eyes. To test acute eye irritation in rabbits, Ema et al. [72] conducted an experiment consisting of different types of SWCNTs and MWCNTs. The result showed none of the SWCNTs was toxic and only one of the products of MWCNTs was an irritant to the eyes. The MWCNTs product caused slight erythema at 24 h, but not at 72 h, and conjunctival redness and blood vessel hyperemia at 1 h, but not at 24 h. This finding showed that only MWCNT and not SWCNT proved to be a mild irritant to the eyes.
Conclusions
Irrespective of the plethora of uses and importance that CNTs have, their toxicity levels and effects in the human body still remain a point of concern worldwide. The major challenge that restricts it from rapid and large scale utilization in therapeutics is its biocompatibility in the in-vivo conditions. Extensive research is going on to overcome this major challenge in CNT based drug delivery. To minimize the toxicity and to get more target based precise effect, SWCNTs and MWCNTs are being maximally investigated under various biological conditions. Even after various in vitro and in vivo studies, the exact defined cause of CNT toxicity is not yet fully understood. Though, it has been reported that accumulation of CNT particles and consequent generation of ROS could be the possible cause of CNT toxicity. Moreover, it has also been implicated that structural modification, size distribution, surface charge and the impurities and functionalization might contribute greatly to CNT toxicity. Due to CNT-based toxicity found in different biological systems of the human body, its use in targeted drug therapy is not yet achieved on larger scale. For efficient use in biomedical sciences and therapeutic purposes extensive evaluation of CNTs toxicity at bio-interfaces should be carried out.
